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(54) Method for the production of solid shaped bodies 



(57) Solid, homogenous or porous, shaped bodies 
are formed from different powders such as metals and 
ceramics by preparation of an aqueous slurry of the 
powder, which slurry comprises a protein substance 
which is soluble in water at ambient temperatures and 
capable of forming an irreversible gel on heating to a 



temperature not exceeding 90°C. The protein sub- 
stance, for example albumin is used in an amount suf- 
ficient for the formation of a gel. The slurry is formed into 
a body of the desired shape by methods such as mould- 
ing, tapecasting or dropforming and heating to a tem- 
perature at least corresponding to the gelling tempera- 
ture of the protein. 
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Description 

The present invention relates to a method for form- 
ing solid shaped bodies from different inorganic powder 
materials such as metal powder, ceramic powder etc. 5 
More particularly the invention relates to such a method 
wherein either homogenous, dense, solid bodies or po- 
rous, solid bodies are formed from an aqueous slurry 
containing the powder and a protein substance which is 
capable of forming a gel on heating. 

Several methods are known for forming shaped 
bodies, both for forming homogenous, dense bodies 
and porous bodies, from different inorganic powder ma- 
terials. The simplest wet-forming method for dense bod- 
ies is the slipcasting method. As a rule no binding sub- 
stance is required for slipcasting and the method is used 
for fairly simple designs without too great demands on 
precision, such as sanitary products. Other forming 
methods used for example for the production of techni- 
cal products and constructional products such as cutting 
tools, wear parts, threadguides, piezo activators etc, 
may require binders to make the green bodies hold to- 
gether sufficiently to be removed from moulds and/or 
transferred to the next step which for products of pow- 
ders of the type considered usually is a sintering at tem- 
peratures of from 800°C to 2200°C, depending inter alia 
on the melting point of the powder. In addition to a bind- 
ing agent the slurry from which the green bodies are 
formed usually also contains a dispersing agent for the 
powder. Shaped, porous and foamed, solid bodies have 
traditionally been prepared by use of an organic preform 
with foam structure which has been dipped into a pow- 
der slurry. The obtained structure has then been dried, 
the preform burnt off and the product finally sintered. Ac- 
cording to more recent technique use is made of a pol- 
ymer which reacts with the water in the slurry forming 
carbon dioxide which leads to foam formation and pos- 
sibility of crosslinking. The porous bodies are particular- 
ly useful in applications such as heat insulating materi- 
als, filters and catalyst supports. 

Several different types of binders, such as waxes, 
synthetic and natural polymers, for example polyvinyl al- 
cohol, ethylene-acrylic acid copolymers and cellulose 
derivatives such as methyl cellulose and hydroxyethyl 
cellulose, have been suggested and used to strengthen 
the green bodies. It is also known to form green bodies 
using gel forming substances, for example agarose, 
which forms a gel on cooling, or a synthetic monomer 
or monomer mixture, e.g. of mono- and difunctional acr- 
ylamides and of di- and multifunctional acrylates, which 
polymerizes and crosslinks on heating, to form a poly- 
mer gel matrix in which the powder is distributed. Fur- 
ther, the use of some proteinaceous substances for the 
formation of green bodies is known. Some protein sub- 
stances, such as gelatin and casein have been used or 
suggested for use as a conventional binder material in 
aqueous solution. In the European patent application 0 
087 160 the use of a "gelling agent" and of a "stabilising 



agent" in the preparation of porous, metallic bodies is 
disclosed. According to this application a "gelling agent" 
which is carboxymethyl cellulose, polyvinyl pyrrolidone, 
polyvinyl alcohol, albumin or agar is used and its pres- 
ence is said to be necessary not to destroy the foam 
structure when the metal powder is introduced. Howev- 
er, in order to solidify the foam structure a "stabilising 
agent", preferably a polyurethane, formed from mono- 
mers incorporated in the foam, is necessary. In this proc- 
ess the so called gelling agents are consequently only 
used for foam formation while the actual formation of a 
rigid gel is obtained by the polyurethane. Gelatin has 
also been suggested for use as a gel former. Thus the 
US patent 5,279,994 discloses a process for tapecast- 
ing using gelatin for gel formation. The use of gelatin for 
this purpose necessitates heatin g the entire slurry to dis- 
solve the gelatin and cooling for setting it into a gel. The 
Japanese patent application 94-226718 likewise dis- 
closes use of gelatin for its gel forming properties. Ac- 
cording to this document a body is formed by casting a 
powder slurry containing the gelatin, dissolved by heat- 
ing, into a mould and cooling for gelation. It is mentioned 
in the document that other proteins could be used, e.g. 
albumin, but the disclosed process in itself is strictly one 
using heating for dissolution of the protein and cooling 
for the gelation, i.e. conditions which are required for 
gelatin but would not necessarily be gelforming condi- 
tions for other protein materials. Gel formation using 
synthetic polymers is often disadvantageous in that fair- 
ly high temperatures are required for formation of a pol- 
ymer matrix and also in that fairly high temperatures are 
required for removal of the organic substance. Use of 
gelatin as a gel former has drawbacks in that the gel 
formation is reversible and in that heating of the entire 
slurry is required which involves a high energy con- 
sumption. Further, gelatin leads to a thickening of the 
slurry which causes difficulties in handling. 

According to the present invention it has been found 
that incorporation of a water-soluble protein substance 
which forms an irreversible gel on heating in a powder 
slurry as starting material for formation of shaped solid 
bodies is particularly suitable. The protein substance 
used in the present method has a gel forming tempera- 
ture, or coagulation temperature, which does not ex- 
ceed 90°C. The lower limit for the gel forming tempera- 
ture should be sufficiently removed from room temper- 
ature to allow easy handling without coagulation. The 
gel forming temperature is suitably within the range of 
from 40°C to 70 D C. By gelling the slurry with the protein 
substance the powder particles will be held together uni- 
formly distributed in the gel and the shape of the pro- 
duced body will be satisfactory secured and have suffi- 
cient wet strength to allow the further handling and treat- 
ment without unacceptable deformation. Use of this kind 
of protein gives advantages not only in that an irrevers- 
ible gel is formed but also in that the slurry can be pre- 
pared at ambient temperatures (around 20°-25°C) and 
gelation brought about by heating to moderately high 
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temperatures. Thus there is no need to heat the entire 
slurry but instead the slurry is heated in the moulds or 
in other formed states which is advantageous with re- 
gard to energy consumption. Since only moderately 
high temperatures are used for the gelation the risk of 
evaporation of water, which otherwise might lead to de- 
fects, is also avoided. Further, the protein will act not 
only as a gel former but also as a dispersing agent 
whereby the in the art conventional use of separate dis- 
persing agents can be avoided. It is believed that the 
structure of a globular protein such as albumin is utilized 
in the dispersing effect. The protein substance can for 
example be albumin from any of its different sources 
such as milk and egg but other globular proteins having 
the required solution-coagulation properties may be 
used. An example is lysozyme. As examples of protein 
substances containing substantial amounts of protein 
and suitable for use in the present method can be men- 
tioned blood plasma protein products and whey protein 
products. Commercial products of this kind contain ma- 
jor amounts of protein and minor amounts of other ma- 
terials such as fat. For economical reasons, with respect 
to the field within which it is used according to the 
present invention, the preferred protein is albumin. It is, 
however, very probable that other proteins having the 
appropriate properties may become available at reason- 
able prices with regard to the technical advances made 
within the field of biochemistry in the last few years. 

By "protein substance" is intended either a protein 
as such or a material comprising a protein, for example 
blood plasma protein and whey protein products as 
mentioned above. The demands on the protein sub- 
stance is that the protein is soluble at ambient temper- 
atures and gels at a temperature below 90°C. Since the 
proteins used according to the invention are water sol- 
uble, natural materials and biologically degradable their 
use does not cause any environmental or occupational 
hazards. 

The present invention thus relates to a method for 
forming solid, homogenous or porous, bodies from an, 
optionally reinforced, inorganic powder selected from 
the groups powders of metals, intermetals, hard metals, 
cermets and/or ceramics as defined in the appended 
claims. 

The powder used in the present method is a powder 
of a metal, an intermetallic powder, a hard metal powder, 
a cermet powder or a ceramic powder. The term "metal" 
is herein used to include also alloys. Examples of metal 
powders include for example powders of aluminium, 
nickel, copper, cobalt, titanium, silicon, brass and 
bronze. Intermetallic powders are for example silicides 
and aluminides, such as for example molybdenum sili- 
cide. Powders of hard metals (cemented carbides) are 
powders of different kinds of carbides such as wolfram 
carbide and titanium carbide. By the term -ceramic" as 
used in this specification is meant a non-metallic, inor- 
ganic material. The powder of ceramic powder may for 
example be any metal oxide, such as silicon oxide, alu- 



minium oxide, yttrium oxide and zirconium oxide, ni- 
trides such as silicon nitride, aluminium nitride and bo- 
ron nitride, and may also be titanium boride, silicon car- 
bide, boron carbide and mullite (i.e. AI 6 Si 2 0 3 ). Particu- 

s larly suitable powders for use in the present method for 
forming dense bodies are silicon nitride, si-alones (i.e. 
powders made up from the elements Si, Al, O and N), 
aluminium oxides and silicon carbide. For porous bodies 
the preferred powders are aluminium oxide, aluminium 

10 titanate, silicon carbide, zirconium oxide and cordeirite 
(2Mg0.2AI 2 0 5 .5Si0 2 ). It is of course within the scope 
of the invention to use any mixture of powders, although 
a single kind of powder or a well defined mixture, in 
which the individual particles may have reacted with 

is each other, is used for the production of most products. 
Although it is preferred that the method of the present 
invention is applied to powder materials which are not 
reinforced, it is of course possible to apply the method 
to reinforced ceramic materials which are thus also with- 

20 in the scope of the invention. Such ceramic matrix com- 
posites may for example comprise conventional rein- 
forcing materials in the form of whiskers, fibres, particles 
and platelets, in usually used amounts. 

The powders for the preparation of the slurry usually 

25 have a particle size within a broad range of from 1 nm 
to 1 mm. The actual powder size is to a high degree 
decided by the method of sintering, smaller particles be- 
ing more easy to sinter while larger particles will require 
hot pressing or hot isostatic pressing. Further, very small 

30 particles result in a very viscous slurry. For ceramic pow- 
ders a particle size range of from 0.1 u.m to 100 u,m is 
of particular technical interest and the corresponding 
particle size range for metal powders and metal alloy 
powders is from 1 u,m to 300 urn. 

35 The actual preparation of the slurry may be carried 
out by simple mixing of a water solution of the protein 
substance and the inorganic powder, dry or in water, or 
the protein substance can be added dry to a slurry of 
the powder. The protein substance is usually used in an 

40 amount of at least 3 wt%, calculated as protein, and 
based on the aqueous phase, to get a body of sufficient 
dimensional stability. Usually not more than 20 wt% is 
used, since higher amounts tend to give a too viscous 
slurry. The added amount is also dependent on the ef- 

45 fective area of the powder. A suitable range of the 
amount of protein is from 10 to 15 wt%, based on the 
aqueous phase. The dry contents of powder in the slurry 
is normally from 20 to 90 per cent by volume, in most 
cases from 30 to 70%. The higher dry contents can be 

50 used for powders having larger particle size, i.e. smaller 
surface, and/or broader particle size distribution without 
giving rise to an unacceptable viscosity increase. The 
dry contents is also to some extent dependent on the 
forming method. Simple agitation, e.g. by means of a 

55 propeller or similar agitation equipment, is often suffi- 
cient for the preparation of the slurry. If agglomerates 
are present in the powder high energy treatment might 
be required, e.g. ball milling or ultrasound treatment. It 
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has been found that even if the slurry is subjected to a 
high energy treatment, e.g. ball milling, for a fairly long 
time period this does not adversely affect the coagula- 
tion capability of the protein. For the production of ho- 
mogenous, dense bodies it is usually necessary to in- 
clude an antifoaming agent in the slurry in order to pre- 
vent foam forming when air is dispersed into the slurry. 
Examples of suitable antifoaming agents are fatty alco- 
hols, such as octanol, and silicon oils. The amount of 
antifoaming agent is usually at least 0.1 wt%, based on 
the aqueous phase. For the production of foamed, po- 
rous bodies the foam forming properties of the protein 
substance are used, as well as their capability of forming 
a gel. In this case the protein is allowed to form a foam 
by agitation for incorporation of air and, naturally, no an- 
tifoaming agent is used. The final porosity can be con- 
trolled within the desired ranges e.g. by the degree of 
agitation. The size of the pores can be very fine, 20 to 
1 000 urn It has been found that the formed foam is sta- 
ble and has a high foam height. The foam can easily be 
filled into moulds of varying shapes and sizes. 

Conventional additives in commonly used amounts 
can be incorporated in the slurry, such as for example 
mould release agents, biocides, and lubricants, provid- 
ed, of course, that they do not have an adverse effect 
on the coagulation of the protein. A conventional dis- 
persing agent for inorganic powders, for example poly- 
acrylic acid, may also be included. However, it is an ad- 
vantage of the method of the present invention that ad- 
dition of a separate dispersing agent is generally not re- 
quired since the protein substance used for the gel for- 
mation also fulfils the function of a dispersing agent. The 
fact that additional dispersing agent is not required 
means that less organic material has to be removed 
from the green body. The function of the protein sub- 
stance is such that no other binding substance and/or 
gel forming agent is necessary and according to a pre- 
ferred embodiment of the present invention no such ad- 
dition is made. Furthermore, to take most advantage of 
the properties of the protein substance no additional dis- 
persion agent is used and the load of organic substanc- 
es in the slurry is thus minimized. Competitive adsorp- 
tion of binding agent on the powder resulting in desta- 
bilization is also avoided by use of the protein substance 
as both dispersion agent and "binding agent" according 
to the invention. 

In the present method of forming a solid body, 
whether dense or porous, any per se known wet-method 
technique for forming from a slurry or suspension can 
be utilized. Products can thus be formed according to 
the present invention by any moulding or casting proc- 
ess, for example by injection moulding and gelling or 
casting and gelling. It is also possible to use tapecasting 
techniques and dropforming techniques. In tapecasting 
the slurry containing the gel forming protein can be cast- 
ed onto a support sheet and gelling achieved by heating 
the association of support sheet and slurry layer. In 
dropforming techniques substantially spherical drops, 



or beads, are formed for example by dropping the slurry 
containing the protein into a column filled with a solvent 
which is not a solvent for the slurry, for example a heated 
silicon oil, whereby the drops are gelled when heated. 

5 The preferred forming methods are injection moulding- 
gelling and casting-gelling. The latter method is partic- 
ularly preferred and can be used for forming near net- 
shaped products, i.e. green bodies having substantially 
the same shape as the finished sintered product will 

10 have. Injection moulding-gelling is particularly suitable 
for the production of articles of complex shapes such as 
for example nozzles, wear parts, turbocharger rotors 
and medical implants and casting-gelling is particularly 
suitable for the production of porous bodies. 

1$ The term "shaped body" herein is thus intended to 
include as well product of a simple shape, such as tapes 
and beads, as products of a more complicated shape. 

The green bodies produced according to the 
present method are dried to remove the water and treat- 

20 ed for removal of the protein and optional other organic 
substances. This removal can be made in a separate 
step or form an early part of the final sintering process. 
The actual removal of the protein is rapid since the bod- 
ies contain very little protein in comparison with the 

25 amount of powder material. Thus heating at 500° C to 
600° C for about 30 minutes in air is most often sufficient 
for removal of all the protein. For the formation of a solid, 
dense body the green body is sintered. Sintering tem- 
peratures, times and other conditions for different pow- 

30 der materials are well known in the art of powder mate- 
rials. Depending on the powder material the sintering is 
carried out in air, e.g. for Al 2 0 3 , or, most often, in a pro- 
tective atmosphere such as a nitrogen atmosphere, e. 
g. for Si 3 N 4 , and the protecting atmosphere may be re- 

35 ducing. As known, sintering can be carried out under 
normal or reduced pressure. As some examples can be 
mentioned that Al 2 0 3 is usually sintered in air at a tem- 
perature of around 1 600°C for 1 to 2 hours, Si 3 N 4 is usu- 
■ ally sintered at 1850°C under nitrogen for around 2 

40 hours while SiC can be sintered at a temperature of 
about 21 00°C under argon for 1 hour and stainless steel 
at 1 200-1 250°C under vacuum for about 2 hours. The 
finished sintered body can be machined as convention- 
al. 

45 The invention is further illustrated in the following 
examples which, however, are not intended to limit the 
same. Parts and percent relate to parts by weight and 
per cent by weight unless otherwise stated. 



In this example dense bodies were prepared. A 
powder mixture consisting of 92% of Si 3 N 4 (S85H, from 
Permascand AB, Sweden), 6% of Y 2 0 3 and 2% of 
55 Al 2 0 3 , having a particle size of 0.1 - 2 urn, was added 
to a water solution of 10% of bovine albumin (A4503 
from Sigma, DE) until a dry contents of powder of 32 
vol% was reached. 0.1%, calculated on the aqueous 



50 Example 1 
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phase, of an antifoaming agent (Kontraspum Konz. (a 
fatty alcohol, from Zschimmer & Schwarz, Germany) 
was added. The slurry was milled using a ball mill with 
Si 3 N 4 -balls for homogenization and de-agglomeration. 
The slurry was then de-aired while agitating and poured 5 
into small moulds which were then covered with plastic 
film. The moulds were warmed to 65°C for coagulation 
of the protein and then quickly cooled to room temper- 
ature. The obtained dimensionally stable green bodies 
could easily be removed from the moulds. After drying io 
at room temperature the protein in the bodies was burnt 
off in air at 600°C during 5 minutes. The powder bodies 
were sintered to dense bodies in a resistance furnace 
made of graphite at 1820°C for 3 hours under nitrogen 
and at atmospheric pressure. is 

Example 2 

A dense body was produced by adding 56 g of 
Al 2 0 3 -powder (Alcoa 1 52SG) to 29.3 g of a water solu- 20 
tion containing 1 0 per cent by weight of egg white protein 
during careful propeller stirring. Using a pipette the ob- 
tained slurry was dropped into a column filled with sili- 
cone oil heated to 80°C. After a short while the drops 
coagulated and became solid. They retained their stiff- 25 
ness and were not deformed when they were picked out 
from the oil bath. To lower the viscosity of the original 
slurry a small amount of water was added, about 5 g. 
Drops from this slurry also became solid in the silicon 
oil. All drops were burnt off in air at 600°C with a heating so 
rate of 5°C/min. and sintered at 1 600° C in air for 60 min- 
utes. 

Example 3 

35 

In this example porous bodies were prepared. 
AI 2 0 3 -powder having a mean particle size of 0,4 pm was 
first dispersed in water using 0.3 wt% of a dispersing 
agent (Dispex A40, a polyacrylic acid from Allied Col- 
loids, US) by means of ball milling. The dry contents of 40 
the slurry was 37 vol%. 1 5 wt%, based on the aqueous 
phase, of the same bovine albumin protein as used in 
example 1 were then added while the slurry was agitat- 
ed by a magnet at 1 000 rpm for 5 m in utes. A stable foam 
was formed when air was mixed into the slurry during 
the vigorous agitation. The slurry was then poured into 
small moulds made of aluminium foil and the moulds 
were covered with aluminium foil. The moulds were 
placed in a drying chamber at a temperature of 60*0 to 
70°C to allow gel formation. The gelled structures were so 
dried and then sintered at 1500°C for 30 minutes using 
a heating rate of t°C/min up to 500°C and then 10°C/ 
min up to the maximum temperature. 

The obtained sintered, porous bodies had a density 
of 0.57 g/cm 3 , which corresponds to a theoretical den- ss 
sity of about 1 5% considering the Al 2 0 3 -bulk as having 
a density of 3.90 g/cm 3 . 



Example 4 

In this example porous stainless steel bodies were 
produced using protein as a foaming agent. Stainless 
steel powder (31 6L, 90%<22u.m, Osprey Metals Ltd, 
USA), corresponding to a solid content of 33.8 vol%, 
was added to a water based solution of 1 3.0 wt% bovine 
albumin (A-4503, SIGMA Chemical Co., USA) during 
stirring. The slurry was then foamed by high speed stir- 
ring for 5 minutes, which doubled the volume. To avoid 
sedimentation due to the high density of the steel pow- 
der (8.0 g/cm 3 ), the slurry had to be thickened. This was 
done by lowering the pH from 5.2 to 2.6 by adding diluted 
HCI to the slurry during stirring. The foamed slurry was 
poured into moulds and gelled at 70°C. There were no 
indications of sedimentation or segregation of the gelled 
bodies. The pore volume was measured to approxi- 
mately 80%. 

Example 5 

In this example the dispersing effect of bovine albu- 
min was compared to that of gelatin and agarose. 

Three Si 3 N 4 -slurries with solid contents of 20 vol% 
were prepared by mixing Si 3 N 4 powder (UBE-E10-UBE 
Industries, Japan) in beakers of distilled water during 
propeller stirring. After two hours of stirring, the viscosity 
was measured with a rheometer from StressTech, Swe- 
den, at a shear rate of 100 s* 1 . For one of the slurries 
the viscosity was measured at 25°C (processing tem- 
perature for bovine albumin) and for the other two at 
45°C (chosen processing temperatures for gelatin and 
agarose). Both gelatin and agarose form gels at temper- 
atures below 40°C. Bovine albumin (A-4503, SIGMA 
Chemical Co., USA) was gradually admixed to the 
"25°C"-s!urry and the viscosity was measured (at 25°C) 
after each addition. Gelatin (powder, food additive) and 
agarose (A-0169, SIGMA Chemical Co., USA) were 
added to the other slurries at room temperature. To dis- 
solve the additives entirely, these two slurries were heat- 
ed to 95 D C, and then cooled to 45°C. The solid contents 
were adjusted to 20 vol% and the viscosity was meas- 
ured, at 45°C. The viscosity measurements gave the fol- 
lowing results: 

Slurry without addition: = 150 mPa.s. 
Slurry with gelatin: 1350 mPa.s at an addition of 
0.25 wt% gelatin, calculated on the aqueous phase. 
Slurry with agarose: 381 mPa.s at an addition of 
0.25 wt%, calculated on the aqueous phase. 
Slurry with albumin: 139 mPa.s at an addition of 
0.25 wt%, calculated on the aqueous phase. The 
viscosity fell at higher additions and was 49.8 mPa. 
s at an addition of 2 wt%. 
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Claims 

1 . A method for forming solid, homogenous or porous, 
shaped bodies from a powder selected from the 
group powders of metals, intermetals, hard metals, 5 
cermets and/or ceramics, whereby the powder may 
be reinforced, characterized in that it comprises 
preparation of an aqueous slurry of the powder, 
which slurry comprises a protein substance which 
is soluble in water at ambient temperatures and ca- io 
pable of forming an irreversible gel on heating to a 
temperature not exceeding 90° C, the amount of the 
protein substance being sufficient for the formation 
of a get, forming said slurry into a body of the de- 
sired shape by moulding, tapecasting or dropform- is 
ing and heating to a temperature at least corre- 
sponding to the gelling temperature of the protein. 



11. A method according to any of the preceding claims, 
characterized in that the forming of the body is car- 
ried out by casting and gelling. 

12. A method according to any of the preceding claims, 
characterized in that the bodies formed by gelation 
are further treated by drying and sintering, with re- 
moval of the organic material either as a separate 
step before sintering or as part of the sintering. 



2. A method for forming solid bodies according to 
claim 1 , characterized in that the bodies are homog- 20 
enous, dense bodies. 



3. A method for forming solid bodies according to 
claim 1 , characterized in that the bodies are porous. 

25 

4. A method according to any of claims 1 to 3, charac- 
terized in that the protein substance is a globular 
protein. 

5. A method according to claim 4, characterized in that 30 
the protein substance is an albumin. 

6. A method according to any of claims 1 to 5, charac- 
terized in that the protein substance is used in an 
amount of at least 3 per cent by weight of protein 35 
based on the aqueous phase. 

7. A method according to any of the preceding claims, 
characterized in that the dry contents of powder ma- 
terial in the slurry is from 20 to 90 per cent by vol- 40 
ume. 



8. A method according to any of claims 2 or 4 to 7, 
characterized in that the powder is selected from 
the group powders of silicon nitride, sialones, alu- 45 
minium oxides and silicon carbide. 



9. A method according to any of claims 3 or 4 to 7, 
characterized in that the powder is selected from 
the group powders of aluminium oxide, aluminium $o 
titanate, silicon carbide, zirconium oxide and cord- 
eirite. 



10. A method according to any of claims 1 or 3, 4 to 7 
or 9, characterized in that the slurry does not con- 
tain any additional binding agent and/or gel forming 
agent. 
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